Summary. This article reviews the neuroendocrine factors which control the menstrual cycle in the macaque monkey. It , 1980.) 
This article, which reviews salient features of the neuroendocrine mechanisms controlling the menstrual cycle, is based on experimental results obtained in several primate research centres as well as our laboratory, using the macaque monkey as a model. The length of the menstrual cycle and the pattern of hormonal secretion in this animal indeed replicate closely those of the human. The article will underline the physiological features of gonadotrophin secretion and of its control and modulation by hypothalamic and ovarian hormones.
Mean levels of gonadotrophins and of ovarian steroids throughout a menstrual cycle in monkeys are illustrated in Text- fig. 1 . Briefly, follicular maturation is characterized by increasing circulatory oestradiol concentrations, which reach a peak at the time of the mid-cycle LH and FSH surges. This gonadotrophin surge in turn induces ovulation (in about 36 h), followed by the transformation of Days from LH surge . Serum concentrations (mean ± s.e.m.) of gonadotrophins and ovarian steroids throughout the menstrual cycle in monkeys. (From Wehrenberg et al., 1980.) the Graafian follicle into a corpus luteum, which secretes mainly progesterone. The life span of the corpus luteum is limited to 2 weeks unless fertilization and pregnancy occur. The decrease in progesterone concentrations resulting from luteal degeneration leads to menstruation and to a new follicular phase.
Gonadotrophin release is pulsatile At first sight (Text- fig. 1 ), the daily blood hormone concentrations suggest uneventful secretory patterns for gonadotrophins, except at the time of the mid-cycle surge. However, frequent blood sampling clearly reveals that LH and FSH release from the pituitary does not occur at a continuous and steady rate but is the result of intermittent discharges of the hormones (Yamaji, Dierschke, Bhattacharya & Knobil, 1972 (From Yen et al., 1974.) Neurohormonal control ofgonadotrophin secretion As in most other species, the activity of the gonadotroph in the primate is critically dependent upon hypothalamic gonadotrophin-releasing hormone (Gn-RH). Isolation of the anterior pituitary from the hypothalamus, as after pituitary stalk section (Vaughan et al., 1980) , or neutralization of endogenous Gn-RH by administration of antiserum to this decapeptide (McCormack, Plant, Hess & Knobil, 1977) , results in an abrupt decrease in plasma gonadotrophin concentrations.
As Gn-RH is the neuroendocrine signal responsible for gonadotrophin secretion, it is worthwhile at this point to review Gn-RH pathways in the central nervous system (Text- fig. 3 ). In contrast to the rodent, Gn-RH cell bodies in the monkey can clearly be seen in the arcuate nucleus situated within the medial basal hypothalamus (Silverman, Antunes, Ferin & Zimmerman, 1977) . Their axons are directed towards the median eminence and terminate in the vicinity of the long portal vessels, which descend along the pituitary stalk to irrigate the anterior pituitary gland. This Gn-RH pathway appears to be a major one in the monkey, in so far as the control of gonadotrophin secretion is concerned ; lesion of the arcuate nucleus results in a rapid decrease in the circulating concentrations of both LH and FSH (Plant et al., 1978a) . As in the rodent, another Gn-RH pathway originates from the anterior hypothalamic-preoptic area, its fibres terminating in the organum vasculosum laminae terminalis (OVLT) or extending along the surface of the optic nerve to the median eminence. A third pathway can be traced from the hypothalamus into the pituitary stalk, its fibres descending along the stalk to reach the neurohypophysis. The significance of this pathway, apparently unique to the primate, and the location of its cell bodies remain unknown. This observation, however, confirms the finding of large concentrations of the neurohormone in the posterior pituitary by radioimmunoassay (Neill, Patton, Dailey, Tsou & Tindall, 1976) (From Ferin, 1982.) It is now known that the signal for pulsatile gonadotrophin release originates within the brain and is the result of pulsatile activity of the hypothalamus and not of an inherently pulsatile property of the anterior pituitary gonadotroph. Indeed, we have clearly shown that the release of Gn-RH into the hypothalamo-hypophysial portal circulation of ovariectomized monkeys fluctuates with a pulse frequency similar to that of LH in the peripheral blood, i.e. at intervals of 60-180 min (Carmel, Araki & Ferin, 1976) (Text- fig. 4 ). The neural oscillator responsible for pulsatile Gn-RH discharges is now thought to be located within the medial basal hypothalamic area, and is presumably contained within the principal Gn-RH pathway (arcuate -» median eminence) described above. Indeed, isolation of the arcuate nucleus from the remainder of the central nervous system by medial basal hypothalamic deafferentation does not prevent pulsatile gonadotrophin discharges (Krey, Butler & Knobil, 1975) . Most recently, monitoring of multiunit activity in the vicinity of the main Gn-RH pathway in the monkey indicated increases in electrical activity coincident with the initiation of each LH pulse (Knobil, 1981) . Similar parallel changes in multiunit activity of the median eminence have been observed in the ewe (Thiery & Pelletier, 1981 (Nakai, Plant, Hess, Keogh & Knobil, 1978) mimicked the physiological pulsatile mode of Gn-RH release, normal gonadotrophin secretion could be restored. These results clearly underline the crucial significance of hypothalamic pulsatile release patterns. Similarly, in the human, increased gonadotrophin secretion could be induced in patients with Kallman's syndrome, presumably lacking Gn-RH, by hourly pulsatile infusions of Gn-RH, using battery driven portable infusion pumps (Crowley & McArthur, 1980 Modulation of the Gn-RH arcuate neural oscillator As suggested by Knobil (1980) the Gn-RH arcuate neural oscillator described above could be viewed as a transducer of neural signals into endocrine signals, translating frequency, the language of the nervous system, into changing circulating hormone levels, the language of the endocrine system. There is accumulating evidence that the activity of the neural oscillator can be modified by experimental manipulation. For instance, the frequency characteristic of the LH pulse in ovariectomized monkeys can be significantly decreased by deep pentobarbitone anaesthesia. How¬ ever, this effect is accompanied by a lengthening in the duration of the pulse, leaving the total amount of LH that is released unchanged (Wehrenberg & Ferin, 1981 (Goodman & Karsch, 1980) . To these authors, this would appear consistent with a direct effect of oestradiol on the pituitary, as they also cite data to support the fact that oestradiol can decrease the LH response to Gn-RH (Terasawa, Bridson, Weishaar & Rubens, 1980) and that an effect of oestradiol at the hypophysial level may account for the negative feedback action of oestradiol (Plant, Nakai, Belchetz, Keogh & Knobil, 1978b (Wardlaw, Wehrenberg, Ferin, Carmel & Frantz, 1980) . A hypothalamic rather than hypophysial origin for pituitary portal ß-endorphin is suggested by the fact that portal ß-endorphin concentrations remain unchanged after hypophysectomy and that the elution profile of portal ß-endorphin immunoactivity on Sephadex G-50 is similar to that of hypothalamic but not hypophysial extracts (Wardlaw, Wehrenberg, Ferin, Antunes & Frantz, 1982) . We have therefore used ß-endorphin immunoreactivity in pituitary-stalk portal blood as an index of hypothalamic opiate activity and monitored it under various hormonal conditions. The results indicate that hypothalamic ß-endorphin activity is clearly modulated by ovarian steroids. In the absence of significant oestradiol and progesterone concentrations, such as after ovariectomy or at menstruation, ß-endorphin immunoreactivity in portal blood is undetectable (Text-fig. 6 ) . Hypothalamic ß-endorphin activity increases in the presence of oestradiol and to a greater degree in the presence of both oestradiol and progesterone, as seen during the luteal phase or after replacement of both steroids in ovariectomized monkeys (Text-fig. 6 ). It is tempting to speculate that these large fluctuations in hypothalamic ß-endorphin activity have some modifying effect on gonadotrophin secretory patterns. Indeed, in the monkey as in other species, opiates have been shown to decrease LH secretion (Ferin, Wehrenberg, Lam, Alston & Vande Wiele, 1982) . This effect is apparently related to a decrease in the frequency of the LH pulse. Increased hypothalamic ß-endorphin activity in the presence of progesterone may therefore be responsible for the decrease in LH pulse frequency observed during the luteal phase or after progesterone administration. In support of this hypothesis is the fact that infusion of naloxone (an opiate antagonist) into women during the luteal phase appears to increase the frequency of the LH pulse (Ropert, Quigley & Yen, 1981 ). This effect of ß-endorphin on gonadotrophin release may result from an action at a hypothalamic site; indeed, opiate injection to pituitary stalk-sectioned monkeys (in which the pituitary gland is isolated from the brain) does not prevent the LH response to Gn-RH pulses Wehrenberg et al., 1982, and Wardlaw et al., 1982 .)
The role ofbiogenic amines. Dopamine, administered peripherally, has been shown to inhibit LH secretion in agonadal women (Judd, Rigg & Yen, 1979) . Intraventricularly administered dopamine in the rat suppresses LH by a decrease in the frequency of the pulsatile LH discharge, pulse amplitude remaining unchanged (Gallo, 1981) . The effects of other biogenic amines and neurotransmitters remain to be investigated in the primate.
The significance of changes in pulsatile Gn-RH secretion The physiological significance of changes in the characteristics of pulsatile Gn-RH release on pituitary secretion and on the hypophysial-ovarian axis remains to be determined. In a fascinating study by Wildt et al. (1981) fig. 1 ). There is considerable experimental evidence linking this oestradiol rise to the LH surge. In the monkey, an LH surge similar to that seen spontaneously at mid-cycle (positive feedback loop of oestradiol) can be induced during the early follicular phase (at a time of the cycle when spontaneous LH surges are not seen) by administering oestradiol in amounts simulating those seen at mid-cycle (Karsch et al., 1973) . Inactivation of the oestradiol signal by immunization to oestrogen blocks the mid-cycle LH rise and ovulation; in these immunized monkeys, the LH surge and ovulation can be restored by diethylstilboestrol, a synthetic oestrogen not recognized by antioestradiol antibodies (Ferin, Dyrenfurth, Cowchock, Warren & Vande Wiele, 1974b ). Progester¬ one has been shown to influence the oestradiol-induced LH surge in a biphasic manner. During the follicular phase of the menstrual cycle, little or no progesterone is secreted. At mid-cycle however, as the LH surge occurs, small amounts of progesterone are released (preovulatory progesterone rise). At these concentrations, the steroid has been shown to advance the time of maximal gonadotrophin release (Helmond, Simons & Hein, 1981) . However, at higher concentrations, such as those seen during the luteal phase, progesterone inhibits the oestrogen-induced LH surge (Spies & Niswender, 1972) .
The feedback sites controlling the gonadotrophin surge Several attempts have been made to delineate the site(s) at which ovarian steroids act to control the mid-cycle ovulatory LH surge. In the classical model, which derives from studies in rodents, the primary site of action of oestradiol was thought to reside within the preoptic-anterior hypothalamic area (Text-fig. 7 ). Local injections of oestradiol in this area initiate a signal which, when it reaches the median eminence, culminates in a surge of Gn-RH and a subsequent release of LH (Fink & Jamieson, 1976; Goodman, 1978) . Interruption of this pathway by deafferentation prevented the oestradiol-positive feedback and resulted in a lack of LH surges and anovulation (Halasz & Pupp, 1969 (Krey et al., 1975; Ferin et al., 1977 (From Ferin et al., 1979.) pituitary had been isolated from the hypothalamus by pituitary stalk section (Ferin, Rosenblatt, Carmel, Antunes & Vande Wiele, 1979) fig. 5 ) (Knobil, 1980) .
In the monkey, the site at which progesterone facilitates LH secretion is thought to be hypophysial. In contrast, the inhibitory effect of progesterone on the oestradiol-induced LH surge occurs at a hypothalamic site, because progesterone is ineffective in animals bearing lesions of the arcuate region (Pohl, Richardson, Marshall & Knobil, 1982 (Text-fig. 7 ). The postulated differences in oestrogen feedback sites in the 2 species reflect equivalent variations in the Gn-RH anatomical pathways. While the main Gn-RH pathway in the monkey appears to originate from the arcuate nucleus (Text- fig. 3 ), in the rat it appears to bypass the arcuate nucleus and connect the preoptic-anterior hypothalamic area directly to the median eminence. The anatomical difference may promote independent activity of the Gn-RH-pituitary axis in the monkey and remove it further from environmental influences, which in the rat play a major role in the timing of the LH surge.
Although the proposed primate model adequately describes the experimental model from which it is derived (i.e. the stalk-sectioned or arcuate-lesioned monkey treated with hourly pulses of Gn-RH), it is in fact too simplistic and does not explain all of the complex physiological changes observed during the spontaneous menstrual cycle. For . This is in contrast to medial basal hypothalamic disconnection which does not affect menstrual cyclicity (see above). The fig. 9 . The role for these neural influences remains to be fully characterized, not only during the normal spontaneous menstrual cycle but also in the genesis of, for example, 'hypothalamic' amenorrhoea. In this regard, it has been known that the suckling stimulus is a condition under which inhibition of the neural oscillator is known to occur (Schallenberger, Richardson & Knobil, 1981) .
